ducing strain that has the ability to utilize both glucose and cellobiose efficiently (9) . It is known that some Lactobacillus species utilize cellobiose as a carbon source (5) , but very little information is available about lactic acid production from cellobiose. Specifically, to our knowledge, there is no report on the utilization of cellotriose and cello-oligosaccharides by Lactobacillus spp.
In this paper, we describe the efficient utilization of cellobiose and cellotriose by a mutant strain, Lactobacillus delbrueckii Uc-3, for L(ϩ) lactic acid production. The mutant was isolated by UV mutagenesis and selected on the basis of a bigger zone of acid formation on sucrose-based medium (7) . We also report the enzyme activities present in Lactobacillus delbrueckii mutant Uc-3 that are involved in cellobiose and cellotriose utilization.
For the evaluation of lactic acid production from cellobiose, experiments were performed in a 250-ml, screw-cap flask at 42°C with shaking at 150 rpm. The flask contained 100 ml production medium consisting of 10 g cellobiose, 4.5 g CaCO 3 , and 1 g yeast extract. The flasks were inoculated (5% inoculum) with Lactobacillus delbrueckii mutant Uc-3 grown in hydrolyzed, sucrose-based medium (7) . After a suitable time interval, the samples for lactic acid and sugar were analyzed by a high-pressure liquid chromatography system equipped with UV or refractive index detectors using an Aminex HPX-87H column (3). The profile of growth (optical density), pH, lactic acid production, and cellobiose utilization is shown in Fig. 1 . The maximum amount of lactic acid was produced within 40 h of fermentation, with an increase in optical density from 0.5 to 14 and a decrease in pH from 6.5 to 4.9. The maximum (90 g/liter) amount of lactic acid was produced from 100 g/liter of cellobiose with a 2.25-g/liter/h productivity level and a 0.9-g/g yield. These are the highest productivity and efficiency values reported so far. This strain, therefore, proved to be highly efficient for the conversion of cellobiose to lactic acid and could be exploited at a commercial level. Previously, we reported the production of lactic acid from bagasse-derived cellulose using the same mutant strain. With SSF, we could not detect cellobiose in the fermented broth at any point of time, suggesting the possible presence of ␤-glucosidase activity in the mutant strain (3) .
Separate experiments were carried out to check whether L.
delbrueckii Uc-3 utilizes cellotriose or cellooligosaccharides as a sole carbon source. Ten milliliters of medium was prepared in 15-ml, screw-cap tubes containing 1% yeast extract, 25 mg of CaCO 3 , and 20 mg of cellotriose or cellooligosaccharides separately. The tubes were inoculated with a 5% inoculum grown in 100 g/liter of hydrolyzed sucrose and kept at 42°C under stationary conditions. At 0 h, the samples were analyzed by high-pressure liquid chromatography for the initial concentrations of glucose, fructose, and lactic acid present in the inoculum. Initially, totals of 20 mg glucose, 20 mg fructose, and 10 mg lactic acid were present in the 10 ml of medium. Within 18 h of fermentation, the complete utilization of glucose and fructose led to the production of lactic acid. After 18 h of incubation, the mutant started utilizing cellotriose, and within 30 h of incubation, complete utilization of cellotriose was observed with the production of a proportional amount of lactic acid ( Table 1 ). The cellooligosaccharides were not found to be utilized by this strain. No lactic acid was produced in medium containing cellooligosaccharides, which shows that the mutant does not utilize cellooligosaccharides as a sole carbon source. The total lactic acid produced from 2 g/liter of cellotriose was 1.7 g/liter with a 85% yield. This is the first report which shows that L. delbrueckii used cellotriose as a carbon source and produced lactic acid with a significant yield. We evaluated the capability of this strain to produce lactic acid from cellulose substrates (50 g/liter) like Avicel PH 101, Sigmacell, CP-123, and bagasse-derived cellulose. We carried out SSF experiments using the above-mentioned cellulose substrates by using cellulases derived from a Penicillium janthinellum mutant isolated in our own laboratory (2) and from the L. delbrueckii Uc-3 mutant. The methodology for SSF and the amount of cellulase activities used per gram of substrates were reported earlier (3). The amount of lactic acid produced in SSF from the cellulosic materials varied between 18 and 22 g/liter after 48 h. The level of lactic acid production from bagassederived cellulose was 38 g/liter within 60 h of fermentation. We have already reported the complete conversion of this bagassederived cellulose to lactic acid with an 80% yield using this strain (3). These results suggest that this Lactobacillus delbrueckii mutant has a potential for the commercial production of lactic acid from biomass material.
This strain was observed to utilize both cellobiose and cellotriose (Table 1) . Therefore, we attempted to detect the cellobiose or cellotriose degrading enzymes by using p-nitrophenyl-␤-D-glucopyranoside (pNPG), p-nitrophenyl-␤-D-cellobioside (pNPC), and p-nitrophenyl-␤-D-galactopyranoside (pNPgal) as substrates. The cells were grown in different sugars at 42°C and harvested at late exponential phase by centrifugation. After centrifugation, the supernatant and cells were used for an analysis of aryl-␤-glucosidase and aryl-␤-galactosidase activities. We could not detect any enzyme activities in the supernatant. The cells were washed three times with citrate phosphate buffer (50 mM, pH 6.0) and suspended in the same buffer. This suspension was used for analyzing cell-bound hy-FIG. 1. Profile of lactic acid production, growth, pH, and cellobiose utilization during fermentation by Lactobacillus delbrueckii mutant Uc-3 using cellobiose concentration of 100 g/liter. f, cellobiose; F, lactic acid; OE, growth; , pH. Error bars indicate standard deviations. Symbols with error bars that cannot be seen have standard deviations of 5 to 6%. on September 9, 2017 by guest http://aem.asm.org/ drolytic activities. The assay for aryl-␤-glucosidase activity by using pNPG was described earlier (1) . The other substrates used were pNPgal and pNPC. One unit of enzyme activity is equivalent to one micromole of p-nitrophenol generated per minute. Table 2 presents the data of all the enzyme activities in the mutant strain grown in liquid medium with different sugars. All activities were detected in lactose-and cellobiose-grown cells. However, a higher level of aryl-␤-glucosidase was observed in cellobiose-grown cells. Other than cellobiose, the lactosegrown cells also exhibited all activities. When cells were grown in glucose and hydrolyzed sucrose-based medium, aryl-␤-glucosidase and aryl-␤-galactosidase activities were detected in small amounts. No activity on pNPC was detected. These results show that the aryl-␤-glucosidase or aryl-␤-galactosidase gene could be constitutively expressed, and enhancement in activity was observed when the mutant was grown in either cellobiose or lactose, respectively. The activity on pNPC was detected only when culture was grown in cellobiose or lactose. However, the induction in lactose-grown cells is comparatively less than that in cellobiose-grown cells. This result suggested that aryl-␤-glucosidase and aryl ␤-galactosidase enzymes are independent.
It is noteworthy to say that none of these activities are detected in fermented broth, suggesting the intracellular location of these enzymes. To check the intracellular localization of these enzymes, cells were subjected to sonication (SONICS Vibra cell; model VC 130) in citrate phosphate buffer (pH 6.0, 50 mM) containing 20 mM EDTA, 1 mM dithiothreitol, 10 mM MgCl 2 , and phenylmethylsulfonyl fluoride (50 g/ml). The sonication was performed at a 60% amplitude (125 m) for 5 min by using a 2-mm probe under cold conditions. Almost 90% of the cells were disrupted by this method. The supernatant and sonicated cell debris were analyzed for all above-mentioned enzyme activities. No activities were detected in supernatant, showing that enzymes are not located in cytoplasm. However, all activities (lactose-and cellobiose-grown cells) were detected with sonicated cells ( Table  2 ), suggesting that the enzymes could be cell wall/membrane bound. The activity levels were low compared to those of the intact cells, which could be due to the inactivation of the enzymes during sonication.
In conclusion, the Lactobacillus delbrueckii mutant Uc-3 is a promising strain for the production of lactic acid from cellulosic materials in SSF. Bottlenecks, like feedback inhibition by glucose and cellobiose, were removed by using such a strain, leading to the complete conversion of cellulosic substrates to the products. This strain utilized both cellobiose and cellotriose effectively and produced lactic acid in a homofermentative way. Such an aryl-␤-glucosidase, active on both pNPG and pNPC, has not been reported for any of the Lactobacillus species so far. These studies show the potentiality of such a strain, which could produce commodity chemicals from renewable biomass. It could also be possible to generate Lactobacillus strains capable of growing at higher temperatures (50°C), at which the cellulases are most active, which in turn will enhance the efficiency of lactic acid production in SSF. 
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